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Abstract
Gulf killifish, Fundulus grandis. spawned daily in aquaria exposed
to 12-hr daylengths and 21 to 28°C temperatures.

The number of eggs

spawned varied daily producing a peak about every 13.7 days.

Ovarian

studies indicate that increased maturation of peripheral germinalvesicle oocytes in preparation for spawning begins five days before the
semilunar spawning peak.

There is an increase in numbers of hydrated

oocytes and ovulated eggs reaching a maximum on or a day before peak
spawning.
Semilunar spawning cycles of F. grandis are expressions of an
endogenous rhythm.

Although a specific phase of the semilunar cycle is

maintained with respect to a tidal cycle in the natural environment, the
spawning cycle freeruns in the laboratory with periods ranging from 12.7
to 14.1 days so that different phases occur respecting the concurrent
tidal cycle.

The period of the spawning cycle changes only slightly

with temperatures (21 and 27°C) so that there is nearly complete
temperature compensation (Q^q is not significantly different from 1.0).
The period of the freerunning semilunar spawning cycle is
apparently a long-term adaptation to the local environment.

F. grandis,

collected from the Louisiana coast of the Gulf of Mexico, and its close
relative, F. heteroclitus. collected from the Delaware coast of the
Atlantic ocean, were monitored side by side.

The mean cycle periods

were near 13.7 days for F. grandis and near 14.8 days for F.
heteroclitus. The shorter duration in F. grandis closely approximates
the tidal cycle in the Gulf of Mexico.

The longer duration in F.

heteroclitus closely approximates the tidal cycle along the Atlantic
iv
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coast.
Whereas endogenous freerunning semilunar cycles have been
demonstrated previously in aquatic invertebrates, the present research
is the first unequivocal evidence of such a cycle in fish.

Contrary to

mammalian reproductive cycles (e.g., estrual and menstrual) the
semilunar cycle in F. grandis is not merely a reproductive rhythm, but
rather an expression of a more basic periodicity of the fish
neuroendocrine system.

Otolith growth patterns indicate that a

semilunar cycle of growth occurs in reproductively immature fish and in
adult fish in or outside the breeding season.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Introduction
Lunar and semilunar reproductive cycles have been reported for
many teleost species belonging to ten families of four orders (Johannes,
1978; Taylor, 1984).

A classical example is the semilunar spawning

pattern of the grunion, Leuresthes tenuis. This fish comes ashore on
Pacific Ocean beaches during the spring high tides associated with new
and full moon (Clark, 1925; Thompaon, 1919; Walker, 1949).

These

widespread lunar and semilunar activities apparently maximize
reproduction potential by simplifying the process of finding mates and
providing greater survivability of eggs and fry (Neumann, 1981).
However, important questions relating to the source and synchronization
of these cycles have not yet been answered.
There are several explanations on the formation of these
reproductive cycles.

One, the cycles are direct responses to cyclic

lunar-related stimuli.

Such an exogenously based cycle would not occur

if the lunar/tidal related stimuli are excluded.

The stimuli may be

moonlight, tidal amplitude cycles, and time of day when the tides occur.
Tidal cues may further include variations in temperature, salinity,
mechanical disturbances and availability of food.

Two, the

lunar/semilunar reproductive cycles are essentially endogenous in that
they would persist without any lunar/tidal-related exogenous
information.

Such periodic environmental information, nevertheless, is

still necessary to entrain the cycles to specific phase relations with
the cyclic environment.

Studies of fish in their habitats have

generated several suggestions concerning environmental cues that might
induce or phase-set the reproductive cycles.

Lunar cues are thought to

1
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be important synchronizers for the grunion, Leuresthes tenuis (Walker,
1949), and mummichog, Fundulus heteroclitus (Taylor, 1984) whereas tidal
cues are probably important timers for gulf killifish, Fundulus grandis
(Greeley and MacGregor, 1983).

These suggestions as well as the more

basic question of whether the semilunar cycle is essentially exogenous
or endogenous need to be examined under controlled laboratory
conditions.
The research was divided under headings along the following lines.
A method was developed for maintaining spawning F. grandis under
controlled laboratory conditions (Chapter 1).

Ovarian changes

associated with semilunar spawning were characterized (Chapter 2).
Semilunar cycles of spawning activities were compared in F. grandis and
F. heteroclitus (Chapter 3).

Semilunar spawnings were analyzed under

several test conditions to determine whether they were freerunning
rhythms or entrained/driven cycles (Chapter 4).
The studies were mainly carried out with gulf killifish, F.
grandis. which display a semilunar rhythm of gonadosomatic index (GSI:
100 X gonad weight / body weight) and spawning activities in the
intertidal habitat along the Gulf (Gulf of Mexico) coast (Greeley and
MacGregor, 1983).

A collection of mummichog, E. heteroclitus. a close

relative of the gulf killifish residing along the Atlantic coast, was
also used as a comparison to collections of F. grandis.
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Spawning Cycles of the Gulf Killifish, Fundulus grandis,
in Closed Circulation Systems
SHYH-MIN HSIAO a n d ALBERT H. MEIER
Deportment o f Zoology and Physiology, Louisiana State University,
Baton Rouge, Louisiana 70803

ABSTRACT Gulf killifish, Fundulus grandis, spawned daily in aquaria
held on 12-h daylengths and 23 °C. However, the number of eggs spawned
varied from one day to another. Statistical analyses of the data revealed the
presence of 13-day (semilunar) cycles of spawning in five of seven aquaria that
persisted for as long as 4 months. In addition to semilunar cycles, short (about
3 days) cycles were also common. Because each aquarium usually held 21
females, the existence of both 3-day and 13-day cycles suggests that there was
synchronization within each group. There was also synchronization of 13-day
cycles between aquarium groups with a common recirculating water supply.
Although the 13-day cycle may be essentially an endogenous free-running
semilunar rhythm, exogenous timing of this cycle is supported by the strong
coherence between it and the concurrent high-tide cycles on the T^iiimnnn Gulf
coast.
Lunar and semilunar reproductive cycles
have been reported for many teleost species
(Schwassman, ’71; Johannes, ’78; Middaugh
et ah, ’84; Taylor, *84), and several sugges
tions have been made on the basis of field
studies concerning possible environmental
cues responsible for inducing or setting the
phase of the cycles. These suggestions in
clude tidal cues for gulf killifish, Fundulus
grandis (Greeley and MacGregor, ’83), and
lunar cycle cues for the grunion, Leuresthes
tenuis (Walker, ’49), and mummichog, Fun
dulus heteroclitus (Taylor, ’84). Despite the
difficulty of maintaining fish in reproductive
condition for sufficient time, it is thought
that rhythmicity must be tested under con
trolled laboratory conditions to discover the
nature of the rhythm and its environmental
correlates (Taylor, ’84).
Till now, such laboratory studies have
achieved only partial success. In a Bilverside,
Menidia menidia, which displays a semilunar cycle of spawning activity under natural
conditions, excellent spawning was achieved
in captivity. However, there was no evidence
of a semilunar rhytlmi (Conover and Kynard,
’84). In F. heteroclitus, which undergoes a
lunar or semilunar cycle of spawning activity
under natural conditions (Taylor et al., "79;
Taylor and DiMichele, ’80), the gonadosomatdc indices (GSI) of two groups offish sep

arately exposed either to 14-h daylengths or
to continuous dim light seem to have traced
similar semilunar patterns in 34 days (Tay
lor, ’84). However, this possible endogenous
semilunar rhythm has not been demon
strated conclusively. The nature of lunar and
semilunar spawning cycles, whether essen
tially endogenous or completely dependent
on exogenous cues, is largely speculative.
The present study was carried out with F.
grandis, which displays a semilunar rhythm
of GSI and spawning activities under natural
conditions (Greeley and MacGregor, ’83). The
fish were maintained in closed circulation
systems under controlled conditions of daylength, temperature, and feeding. Daily egg
collections were made for as long as 132 days
as an index of spawning activity and this
data was analyzed for cyclic variations.
MATERIALS AND METHODS

Fish and controlled environments
Gulf killifish ranging from 4 to 12 g were
obtained from bait dealers around Barataria
Bay in southern Tswininnn During the 2
months acclimation period and the experi-

A d d m reprint requests to Albert H. Meier. Dept, of Zoology
and Physiology, Irsiisiana State University, Baton Bouse, LA
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Fig. 1. Circulation system used for monitoring
■pawning activity. The vertical screen (shaded area) in
each aquarium prevented predation of eggs dropped in
the isolated compartment. A water pump (WP) gener
ated a continuous water flow (direction indicated by

arrows) with an approximate rate of 120 1/h through
each aquarium. The reservoir below the aquaria con
tained an undergravel biological filter (BF) operated by
an air pump (AP).

ments, fish were maintained indoors on 12-h
daily photoperiods (250 lux at water surface)
starting at 06:00. The water temperature was
maintained at 23 ± 1°C. Artificial sea water
(Instant Ocean) was used to produce salini
ties approximating those of the Bites where
the fish were collected. The Balinities were
about 13%o for experiment A and 6%o for ex
periments B and C. Closed circulation sys
tems used in experiments A, B, and C were
constructed by placing glass aquaria (381:50
x 30 x 25 cm) above filtration troughs of
380 1 capacity for experiments A and C and
of 150 1 for experiment B (Fig. 1). Under
gravel biological filters were situated in the
filtration troughs. The aquaria were
equipped with PVC-pipe inlets and overflow
outlets to provide continuous water circula
tion through the aquaria and trough. Sub
mersible water pumps circulated water at
the approximate rate of 1201/h through each
aquarium. Ib mask possible timed daily dis
turbances, continuous background noise was
produced by allowing water to drop from in
lets into each aquarium and then into the
trough. The sides and bottom of each aquar
ium were covered with black polyethylene
sheets and the top was covered with a white
plastic grid. A black polyethylene screen was
set vertically near the outlet side of each
aquarium to form an isolated compartment

which prevented spawners from eating their
eggs and reduced disturbances to the fish
caused by egg collections. Brood fish tended
to spawn against this Bcreen and many of the
eggs moved through it. Each aquarium held
7 males and 21 females in experiment A, 3
males and 21 females in experiment B, and
4 males and 35 females in experiment C.
Monitoring cyclic spawning and
technique justification
When making a spawning run, a male, dis
tinguished by its dark upper sides with spar
kling metalic blue spots, tried to press a
female against a spawning site (sides, bottom
of the aquarium, or the isolation screen). If
successful, the male quivered and the female
sometimes responded and quivered as well.
Mating partners were switched from time to
time. However, spawning opportunities were
not equally split among an observation group
of two males and two females. During two
1-h periods, one female was approached sex
ually 146 times and the other was ap
proached 46 times. The preference of the
isolating screen as a spawning site was indi
cated by the fact that in 192 spawning runs,
96 occurred against the screen, 67 at the
aquarium corners and 29 on the aquarium
bottom. In spawns that occurred against the
screen, the eggs tended to collect in the iso-
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Fig. 2. Daily egg collections in aquaria Al, A2, A3,
and A4 compared with the predicted depths of high-tide
in Barataria Bay form April 11 through August 20,
1983. Spectral analyses revealed semilunar rhythms of
spawning activity in A2 and A3. The best-fit sine curves
were then calculated with a nonlinear regression pro
gram and drawn superimposed on the data. Feeding was
once daily (4% initial body weight) at random times.
This schedule was interrupted by feeding a t progres
sively later times each day to simulate feeding at high
tides (tidal feeding) for six successive cycles ( ) , by
semilunar variations of feeding rates superimposed on
tidal feeding for each of two cycles ( A ), and by abrupt
reduction of feeding ( I——I ) (see text for details).

lated compartment from which they were sy
phoned and counted every 24 h during the
observation periods.
In experiment C, egg collections were com
pared with variations of GSI (gonad weight/
body weight x 100) during a 6-week period.
Daily egg collections were made in three
aquaria (Cl, C2, and C3) and three to five
fish from C l and C2 were sacrificed at 07:30
about every third day for determinations
of GSI.
Feeding
The fish were fed Ttetramin flake SM 80.
Timed feeding was achieved by timed release
of water from a bucket resting on top of the
target aquarium. This water flow broke a

107

paper tissue holding the food and allowed
Ttetramin flake to drop into the target aquar
ium. Every effort was made to prevent any
other timed daily disturbance that might act
as a cue for the fish. Random feeding was
conducted by hand at variable times during
the light period. Weight of food given daily
in each aquarium was a percentage of the
intial fish weight. This feeding rate was 4%
except when indicated. Tb compensate for re
moval of fish every few dayB in experiment
C, the amount of food given daily was re
duced proportionately to maintain a constant
feeding rate.
Addition of feeding cues to the
controlled environment
Several feeding regimes were applied to
fish in experiment A to determine whether
such treatment might alter spawning cycles.
Timed daily feeding according to a tidal se
quence in A l and A4
Timed tidal feeding was repeated every 14
days for 6 cycles in A l and A4. Feeding was
initiated at 05:00 on day 1 and then delayed
75 min every day until it reached 21:15 on
day 14 (Fig. 2). This schedule approximates
the sequential pattern of daily high tides
during spring along Barataria Bay where
the fish were collected (Waldrop,’83). The
same feeding times employed for A l and A4
during a 14-day cycle were also used for A2
and A3 except that the sequence was ran
domized to remove the cyclic cue.
Low feeding rates in A2, A3, and A4
The feeding rates in these aquaria was low
ered from 4 to 2% for 4 weeks and then re
turned to 4% (Fig. 2).
Cyclic variations of feeding rate in A l
During two consecutive 14-day periods of
timed tidal feeding, as described above, feed
ing rate was gradually increased from 0.4%
on day 1 to 4.4% on day 7 and then gradually
decreased to 0.4% on day 14 (Fig. 2).
D etection and analysis of cyclic spawning

and its relation to tide
Bivariate spectral analyses (BMDP Statis
tical Software Inc., UCLA, CA) were used to
estimate possible cyclicities of the egg collec
tion data and also the phase and the coher
ence relations among these data and the
concurrent tidal cycles. Relations among eg§
collection data and predicted tides were als<
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Fig. 3. Daily egg collections in aquaria Bl, B2, and B3 compared with the predicted depth of
high-tide at Barataria Bay from June 12 through August 17,1984. Spectral analyses revealed
semilunar rhythms of spawning activity in all three aquaria and the best-lit sine curves were
then calculated with a nonlinear regression program and drawn superimposed on the data.

examined by a linear correlation test (SAS
Institute, Raleigh, NC). Once a set of data
was indicated to have one or more cyclicities,
the data were further tested by nonlinear
regression analyses with estimated period for
matching Bine curves.
This bivariate spectral analysis is used
without specifying the bandwidth, the inter
val of frequencies in which periodograms
have been averaged in calculating the esti
mate of existing cycles. Under this condition,
the analysis automatically forms spectral es
timates with three bandwidths based on de
grees of freedom, 8, Sn^3, and n2'3 (n is the
number of cases in each data set). Wide band
width enhances the statistical stability or
the smoothness of the estimates. However,

the narrow bandwidth gives more detail than
does the wide-band estimate. Therefore, in
each case, three periodograms calculated
with different bandwidths were used to esti
mate the frequencies of egg collection data
and high-tide variations but only the narrow
band analysis waa used to read the phase
difference and coherence.
For GSI variations collected in experiment
C, Duncan’s multiple range test was used to
test the significance of daily differences in a
semilunar cycle transformed by matching
three actual cycles together. The matching
was done by locating three semilunar cycles
of summed data collected from C l, C2, and
C3 (explained in the Results) with a best-fit
sine curve.
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TABLE 1. Periodicities o f egg collection cycles in aquaria and o f concurrent high-tide cycles at Barataria
_________________________________________ Bay_________________________________________
Duration
examined
(days)
Al
A2
A3
A4
Tide A
Bl
B2
B3
TideB

118
118
118
118
118
66
66
66
66

Cyclic periods*
(days)
2.6
3.3d, 13.2
2.8,13.2
3.0
13.2
3.3d, 13.2
6.5,13.2
2.4,4.7,13.2
13.2

Semilunar period
and 95% confidence
limitsb (days)
13.29 ± 0.56
13.31 ± 0.28

—

13.87 ±
12.69 ±
13.07 ±
12.84 ±
13.69 ±

0.09
0.56
0.38
0.74
0.21

Phase relation of
spawning peak to
tidal peak (days)'
2.8 before
4.3 before

—

after
3.9 after
1.2 after

3 .4

‘ Indicated by bivariate spectral analysis.
‘Indicated by nonlinear regression with a sine equation.
Indicated by bivariate spectral analysis.
‘ Short period is a quarter a t the long one.

RESULTS

Cyclicity o f daily egg collection
and concurrent tides
lb examine the cyclic spawning phenome
non, data collected during the periods of
heavy spawning in A l, A2, A3, A4, B l, B2,
and B3 were analyzed for approximate pe
riods of repeating cycles. Spectral analyses
revealed semilunar cyclicities with an esti
mated period of 13.2 days long in A2, A3, B l,
B2, and B3 as well as in the concurrent tidal
cycles (Table 1). In addition, the analyses de
tected short cycles with periods of about 3
days or its double in all the egg collection
data. Three-day variations in high tides were
not apparent.
In order to ascertain the precisons of these
cyclicities, nonlinear regression analyses
were used to compute the best-matching sine
curves to fit egg collection data with the esti
mated 3-day or 13-day periods and high-tide
cycles with the 13-day period. However, only
sine curves calculated with estimated 13-day
periods traced the egg collection data well.
Precisions of these semilunar cycles are indi
cated by the narrow 95% confidence limits of
the calculated periods (Figs. 2, 3; Table 1).
These periods are close or identical to
the ones calculated for the concurrent tides
(Table 1).
Phase relations among fish groups and tides
For experiment A, correlation tests indi
cated that variations of egg collections in A l,
A2, A3, and A4 are in synchrony. Between
any combination of two of these aquaria,
there was a highly significant positive corre

lation (r > 0.30, P < 0.01). The correlation
tests between tide and the egg collection data
indicated that only data from A2 has a strong
positive correlation with tide (r = 0.26, P <
0.01). However, bivariate spectral analyses
indicated that at the frequency of the semi
lunar period, coherence between high-tide
variations and egg collection data of A2 and
A3 are high (0.76 and 0.73, respectively). In
addition, the coherence between the highly
correlated data (r = 0.36, P < 0.01) from A2
and A3 as indicated is as high as 0.94. These
findings suggest that semilunar spawnings
in A2 and A3 shared the name periodicity
with the concurrent tide during the experi
ment. Bivariate analyses also indicated a 1.5day phase difference between calculated
spawning peaks of semilunar cycles of A2
and A3 as related to high tides of the tidal
cycles (Table 1).
For experiment B, the variations of egg
collections in B l, B2, and B3 are also in syn
chrony. Between any combination of two of
these aquaria, there was a significant posi
tive correlation (r > 0.25, P < 0.05) and also
a high coherence (0.78 for B l and B2; 0.76
for B2 and B3; and 0.86 for B l and B3) at the
frequency of the semilunar period. Although
correlation between tidal data and data from
any of the three aquaria was low, the bivar
iate spectra] analyses again indicated a
strong coherence (0.83,0.95, and 0.85 for B l,
B2, and B3, respectively) between semilunar
cycles of these three aquaria and the tidal
cycles (Table 1). These data indicate, then,
that the egg colleciton cycles in B l, B2, and
B3 had the same periodicity as the concur-
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Fig. 4. Variations of gonadoeomatic indices (GSI) in
female Fundulus grandis during semilunar spawning
cycles. Data were collected during three actual aemilunar spawning cycles determined from egg collection data.
Sampling days are referred to aa number of days before
(a negative number) or alter (a positive number) the day
(0) of the nearest semilunar spawning peak. Daily sum
of eggB collected from aquaria C l, C2, and C3 in these

three verified semilunar periods is shown superimposed
with a best-fit sine wave. For GSI variations, each point
is the sample mean; bars encompass ± one SEM. Sample
number of each point is shown on the top of each SEM
bar. Duncan’s multiple range test indicates th at data
marked "a” are significantly greater than those marked
"b."

rent tide but the peaks of spawning were not
concurrent with highest tides during the tidal
cycle (Table 1).
Relation between 13-day and 3-day
spawning cycles
In A2 and B l, the semilunar cycle was
related to short (3-day) cycles in a 1 to 4 ratio
(Table 1). That is, each semilunar rhythm
occurred in the same time as four short

cycles. In A l, a peak of a short cycle was
further amplified to construct the peak of a
semilunar cycle at the exact midpoint of that
long cycle. In B l, two short cycles in each
long cycle were amplified at fixed positions
(right and left) relative to the midpoint of
that semilunar cycle. In A3, B2, and B3, the
period of the semilunar cycle was not directly
related to the short cycle in a 1 to 4 ratio
(Table 1).
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Effects of feeding cues
Two weeks following feeding-rate reduc
tion (from 4 to 2%), the number of eggs col
lected daily clearly declined in A2, A3 (both
fed randomly during the light), and A4 (tidal
feeding). After the feeding rate was restored
to 4%, egg numbers increased within 2 days
(Fig. 2). Despite reduced egg production dur
ing the low feeding period, semilunar spawn
ing persisted in A2. In A3, although semilunar
spawning was not evident during the period
of reduced spawning, the resumed semilunar
rhythm of spawning after restoration of food
appears to be a continuation of the semilunar
cycles that occurred before food reduction
(Fig. 2). In aquaria where semilunar spawn
ing was not evident before feeding reduction
(A l and A4), the 14-day variations of feeding
rates (with an average of 2%) and reduced
feeding caused a decrease in eggs collected
but did not establish cyclic spawning (Fig. 2).
Underrandom-feedingregimens,fish groups
of A2, A3, B l, B2 and B3 exhibited semilu
nar spawning (Table 1). However, as indi
cated by the spectral analyses, neither in the
12-week timed tidal feeding period nor in the
following 6-week random-feeding period did
fish in A l and A4 show cyclic semilunar
spawning (Fig. 2).
Parallel relation between egg
collection and GSI
In experiment C, GSI variations and egg
collections appeared to share the same cyclic
pattern. The sum of egg collections from Cl,
C2, and C3 was used to locate semilunar
cycles during the 42-day observation. The use
of this sum is rationalized by the positive
correlation among aquaria in a common cir
culation system as described above. Spectral
analyses indicated that this summed data as
well as data from the reference aquarium,
C l (not sampled for GSI determinations),
possessed semilunar cycles. The best fitting
sine curve calculated by the non-linear
regression analysis located three repeating
semilunar cycles. Therefore, the day of sam
pling for GSI determinations is referred to as
days before or after the nearest peak of the
sine waves (Fig. 4). Accordingly, GSI values
of the same sampling day in the located semi
lunar cycles were pooled together as summed
daily egg collections (Fig. 4). Duncan’s mul
tiple range test indicated that GSI’s mea
sured 2 days before, 1 day before and on the
peak spawning day are significantly higher
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than the GSI’s at 6 days before and 3 days
after the peak spawning day (Fig. 4).
DISCUSSION

These findings provide clear evidences that
a spawning cycle of approximately 13 days
persists for as long as 4 months in Fundulus
grandis maintained indoors on LD 12:12.
They also indicate the presence of a short
cycle with a period near 3 days. Inasmuch as
both cycles are constructed from the sum of
individual spawning activities of 21 females
in each aquarium, it is highly probable that
there was some sort of synchronization
among the fish in each aquarium. Further
more, the three aquarium groups in experi
ment B and the two groups having 13-day
CycleB in experiment A appear to be synchro
nized with one another in each experiment.
One possible explanation for these obser
vations is that there is an endogenous freerunning rhythm in each individual fish that
is socially entrained by the group behavior.
Synchronization among aquarium groups
then would seem to imply a transfer of infor
mation from one aquarium to another (possi
bly by way of the recirculating system). The
synchronized group cycles may or may not be
entrained by a cyclic physical cue.
The possibility of an exogenous timer for
the 13-day cycle cannot be dismissed. In fact,
the semilunar spawning cycles (egg collec
tion cycles) shared the same periodicities
with the concurrent cycles of high tide along
the Gulf coast (80-90 miles to the southeast).
Furthermore, precise semilunar periodicity
of spawning persisted for as long as 4 months
(Fig. 2). Thus, semilunar spawning of fish in
the laboratory could conceivably be synchro
nized by an exogenous source which is either
a cause or effect of tidal periodicities.
Exogenous timing of the 13-day cycle could
involve synchronization of an endogenous
rhythm (as given above) that would persist
but free-run in the absence of such exogenous
synchronization. Alternatively, cyclic exoge
nous stimuli could directly impose a spawn
ing rhythm. Such a driven spawning rhythm
would not persist in the absence of cyclic
exogenous stimuli.
The phase differences among aquarium
groups (in experiment A or experiment B)
with respect to expected high tide may sim
ply imply a biological variation or a loose
coupling between aquarium groups and the
tidal factors. In addition, the phase shifts

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

112

S.-M. HSIAO AND A.H. MEIER

between fish groups and tides may also re
flect differences in location. Semilunar
spawning in F. grandis under natural condi
tions is synchronized with the tidal cycle
(Greeley and MacGregor, ’83). This cycle has
an average period of 13.66 days and is deter
mined in the Gulf of Mexico by the declina
tion cycle of the moon (27.32 days: depending
on the declination of the moon’s orbiting
transits over the equator). This tidal cycle is
different from the one following the synodic
month (29.53 days: the interval between one
new moon to the following one) occuring
along many coasts.
Whether the semilunar spawning recorded
is basically endogenous or exogenous, nei
ther 14-day variations of feeding rates nor
tidal variations in feeding times altered the
phase of the semilunar spawning cycle. It is
therefore unlikely that such variations un
der natural conditions would have important
roles in determining the spawning cycles.
The three-day cycle of spawning activity,
like semilunar and lunar cycles (Middaugh,
’81; Greeley and MacGregor, ’83; Taylor, ’84),
would tend to concentrate reproductive activ
ity within a discreet period and thereby en
hance survival of progeny if the 3-day cycle
also occurs under natural conditions. This 3day cycle might be the result of a cyclic ini
tiation of terminal oocyte maturation that
requires about three days in F. grandis (Hsiao
and Meier, in preparation). That is, spawn
ing may initiate terminal oocyte maturation
that leads to spawning again after 3 days.

ACKNOWLEDGEMENT

The authors are indebted to Mrs. Penny
Culley for assistance on statistical analyses.
The research was supported by a grant to
A.H. Meier from the National Science Foun
dation (PCM-8U4948).
LITERATURE CITED
Conover, D.O., and B.E. Kynard (1984) Field and labo
ratory observations of spawning periodicity and behav
iour of a northern population of the Atlantic ailverside,
Menidia menidia (Pisces: Atherinidae). Env. Biol. Fish.,
11(3):161-171.
Greeley, M.S., Jr., and RM. MacGregor HI (1983) An
nual and semilunar reproductive cycles of the Gulf
killifish, Fundulus grandis, on the Albania Gulf coast.
Copeia, 1983:711-718.
Johannes, R.E. (1978) Reproductive strategies of coastal
marine fishes in the tropics. Env. Biol. Fish., 9.-65-84.
Middaugh, DP. (1981) Reproductive ecology and spawn
ing periodicity of the Atlantic silverside, Menidia men
idia (Pisces: Atherinidae). Copeia, 1981:766-776.
Middaugh, DP., RG. Domey, and GX Scott (1984) Re
productive rhythmicity of the Atlantic ailverside.
Trans. Am. Fish. Soc., 179.-472-478.
Schwassmann, H.O. (1971) Biological rhythms. In: Fish
Physiology, Vol. 6, WE. Hoar and D.J. Randall, eds.
Academic Press, New York, pp. 371-428.
Taylor, M.H. (1984) Lunar synchronization of fish repro
duction. Trans. Am. Fish. Soc., 179.-484-493.
Taylor, M.H., and L. DiMichele (1980) Ovarian changes
during the lunar spawning cycle of Fundulus heterocli
tus. Copeia, 1980:118-125.
Taylor, M.H., G.J. Leach, L DiMichele, WM. Levitan,
and WP. Jacob (1979) Lunar spawning cycle in the
mummichog, Fundulus heteroclitus (Pisces: Cyprinodontidae). Copeia, 1979:291-297.
Waldrop, R.D. (1983) Characteristic eessonnl conditions
in Barataria Bay waters on the north share of Grand
Terre Island, Louisiana. Proc. LA Acad. Sci., 46.-97185.
Walker, B.W. (1949) Periodicity of spawning by the grunion, Leresthes tenuis, an Atherine fish. Ph D. disserta
tion. University of California, Los Angeles.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Coj»ia, 1988(1). pp. 188-195

Semilunar Ovarian Activity o f the Gulf Killifish,
Fundulus grandis, under Controlled
Laboratory Conditions
S h y h -M in H s i a o a n d A l b e r t H . M e ie r
O varian activities w ere exam ined throughout sem ilunar spaw ning cycles o f
Fundulus grandis m aintained indoors on constant photoperiodic (LD 12:12) and
tem perature (23 C) conditions. Daily egg collections indicated a 13.6 d spawning
cycle th at was correlated with cyclic variations o f gonadosomatic indexes (GSI:
gonad w eight/body weight x 100). An increase in GSI anticipating the spaw ning
peak apparently resulted from an increase in form ation o f hydrated oocytes and
ovulated eggs. Follicles containing peripheral germ inal-vesicle (PGV) oocytes,
oil-droplet (OD) dispersed oocytes an d m ature oocytes, wore collected throughout
th e cycle and observed in vitro. PGV oocytes were m ore likely to undergo ger
m inal vesicle breakdow n in cu ltu re with the approach of peak spaw ning activity.
Almost all OD dispersed oocytes became m ature oocytes w hich did not ovulate
in vitro although most m ature oocyte:- collected did. Ovulation apparently re
quires a n additional in vivo stim ulus. T hus, oocyte m aturation and ovulation
appear to be the determ ining factors leading to increased spaw ning du rin g th e
sem ilunar cycle.

UNAR and semilunar reproductive activi
ties have been reported for many teleost
species (Schwassman, 1971; Johannes, 1978;
Taylor, 1984), including th e gulf killifish, F un
d u lu s g ra n d is (G r e e le y a n d MacGregor, 1983).
T h e semilunar cycle is accompanied by a cyclic
variation in gonad weight, which in turn has
been associated with variations in ovarian hy
dration and follicular m aturation in F. keteroclitus when examined in nature (Taylor and
DiMichele, 1980). T h e physiological basis for
this cyclicity has not yet been established. Re
cently, we found that a semilunar cycle of
spawning activity persists for as long as nine
cycles in F. g ra n d is maintained in the laboratory

L

under constant conditions o f photoperiod and
tem perature (Hsiao and Meier, 1986). This
phenomenon offers an opportunity to study the
semilunar cycle under controlled conditions and
perhaps to gain a better understanding of its
physiological basis. Accordingly, ovarian folli
cles were examined throughout the spawning
cycle for stages o f maturation. Because some
oocyte maturation steps that have been activat
ed in vivo may be completed in culture without
exogenous hormonal stimulation (Iwamatsu,
1978; Wallace and Selman, 1978), in vitro stud
ies were also carried out with oocytes collected
throughout the cycle in order to determine the
schedule of these activations in vivo.
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M a t e r ia l s a n d M e t h o d s

Specimens o f F. g ra n d is were purchased in
May, 1984, from commercial bait dealers in
southern Louisiana. Weights o f females ranged
from 6 -1 8 g and those o f males from 6-16 g.
Fish were maintained in spawning condition in
three 37.5 liter aquaria (A l-S ) o f a closed cir
culation system (described in Hsiao and Meier,
1986) on 12 h daily photopcriods starting al
0600. T h e salinity was maintained at 5.5-7.5%o
with Instant Ocean artificial sea salts, and the
tem perature was 23 ± 1 C. Experiments were
conducted during June-July, 1984. Because
spawning cycles are synchronized among aquar
ia in a common closed system (Hsiao and Meier,
1986), one aquarium (A l), containing 21 fe
males and three males, served as an undisturbed
reference aquarium for monitoring the ongo
ing spawning rhythm . A2 and A3, each con
taining 35 females and four males, served as
experim ental groups. T h e quantity o f food
(Tetram in SM 80 flakes) given daily was 4% of
the initial fish weight. As fish were removed
every few days from A2 and A3, this percentage
was maintained by reducing food proportion
ately. Feeding was performed once daily at vari
able times during the light.
A fter 2 wk o f counting eggs, when it became
apparent that synchronized semilunar spawning
rhythm s had become established in the three
aquaria, groups o f several fish each were sac
rificed in 0.05% MS222 and examined alter
nately from A2 and A3 every third day for 42
d (three semilunar spawning cycles). Determi
nations o f gonadosomatic index (GSI, gonad
w eight/body weight x 100) and examinations
o f follicles and ovulated eggs were made on these
fish. Spawning activity was monitored by col
lecting eggs from each aquarium every 24 h.
Statistical program s were used to locate the
existence o f repeating cycles in the daily egg
collection data. T h e sampling day was desig
nated according to its relation to the nearest
peak semilunar spawning day (minus: days be
fore; plus: days after the spawning peak, day 0).
This arrangem ent allowed pooling of data col
lected at the same temporal position in the three
semilunar cycles.
In the in vitro study, whole follicles contain
ing m aturing oocytes were cultured in the me
dium. T h e follicle membrane is thin and trans
parent. T h e oocyte development and size were
simply observed and measured with a dissecting
microsr ope. Since each follicle contains only one
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oocyte, the num ber o f certain stage oocytes in
an ovary v.is determ ined by counting their fol
licles. Due to the similarity o f F. g ra n d is and F.
heteroclitus, the description o f oocyte develop
m ent in this study is based on studies o f F. heteroclitus (Wallace and Selman, 1981; Selman and
Wallace, 1986). After the vitellogenesis, oocytes
become responsive to maturation inducing hor
mones and are recruited into m aturation (Jalabcrt, 1976; Selman and Wallace, 1986). T h e
maturation stage can be further divided into
early maturation and late maturation substages
(Selman and Wallace, 1986). Early maturation
is characterized by the rapid increase o f oocyte
volume and the migration o f the germinal ves
icle toward the oolema to form a peripheral
germinal-vesicle (PGV) oocyte (Fig. 1). This oo
cyte then proceeds with germinal vesicle break
down (GVBD) at the end o f early maturation.
In late maturation, the oocyte (oil-droplets [OD]
oocytes, Fig. 1) is translucent with dispersed OD
which continue to coalesce and lose their pe
ripheral attachm ent and finally collect together
near the oolemma when the oocyte enters the
mature-oocyte stage (Fig. 1). T h e m ature oo
cyte then becomes an ovulated egg with distin
guished chorionic fibers (Fig. 1).
Follicles containing PGV oocytes, OD oo
cytes, and mature oocytes were separated from
the ovary, counted and cultured. Ovulated eggs
were simply counted. Fish were sacrificed in the
morning between 0700-0800 and oocyte mat
uration and ovulation were observed for up to
72 h in culture. O ne-third o f the ovaries were
discarded because they contained brown folli
cles and numerous cysts, and were infected with
nematodes and trematodes.
Except for NaCl concentration, the culture
medium used in these studies was basically the
same as solution "F O ” used in studies o f F. heleroclitus oocytes (Wallace and Selman, 1978).
T he basic medium contained 175 mM NaCl,
2.0 mM CaCIs, 5 mM KC1,1 mM MgSO«, 1 mM
Na^HPO*, 1 mM NaHCO,, I mM sodium py
ruvate, 5 mM glucose, 5 mM Hepes, 0.001%
phenol red, 3000 units/100 ml penicillin G
potassium, 100 m g /liter streptomycin sulfate,
and sufficient NaOH to produce pH 7.5. We
selected 175 mM NaCl because this much NaCl
produces an osmolality (352 mosm/kg) near that
expected in the serum o f experimental fish kept
in 5.5-7.5%o water. T h e mean serum osmolal
ities o f F. g ra n d is held in 3%o and 12%o salinity
were 343 and 376 m osm /kg (N = 3 for each
case), respectively (Wescor 5100B Vapor Pres-
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maturation

GVBD

PGV

Diameter 1.50 ±0.02
(mu)
n-100
Volume

100%

O vulation

O otyto

1.81=0.02
n-50

1.93=0.01
n-60

1.96=0.02

176%

213%

224%

Fig. 1. Schematic drawing o f oocyte changes from the PGV oocyte to the ovulated egg. An oocyte with
a peripheral germinal vesicle (PGV) enlarges and completes germinal vesicle breakdown (GVBD) to form an
oocyte with dispersed oil-droplets (OD). T h e OD oocyte in turn enlarges to become a m ature oocyte in which
all oil-droplets are collected near the upper surface. At ovulation, the mature oocyte converts to an egg with
chorionic fibers. T h e entire process occurs within 2 d. Sizes o f the oocytes were measured through the
translucent follicular layer. Calculations were made from pooled samples taken from numerous fish. A limit
o f 10 oocytes o f each stage o r 10 eggs were measured in each fish. T h e diam eter o f each oocyte stage or egg
is given as the mean ± 95% confidence limits. Volumes are expressed as percent increase compared with that
o f the PGV oocyte.

sure Osmometer). T h e prepared media were
sterile filtered through 0.22 fim m em brane Nalgene filters. Incubation tem perature was 23 ±
1 C. T he maximum num ber o f follicles incu
bated in 3-4 ml medium in each Falcon petri
dish (10 x 35 mm) was 30 for follicles contain
ing PGV oocytes and 15 for follicles containing
OD.aiid m ature oocytes. Follicles that collapsed
o r swelled abnormally in the culture were dis
carded and not included in obtaining the per
centage oocyte m aturation rate.
T h e hormones used and their concentrations
in the media were as foltows: 1) 11-Deoxycor
ticosterone (DOC), 0.1 and 5.0 p g /m l; 2) Pros
taglandin (PGFt ,), 5 Mg/ml; and 3) Indomethacin, 50 pg/m l.
T h e use o f DOC is rationalized by its effec•tiveness in inducing GVBD in vitro in F. heleroclilus (Wallace and Selman, 1978, 1980). Pros
taglandin is an important mediator for induction
o f ovulation and indomethacin is a potent in
hibitor o f prostaglandin synthesis (Stacey and
Pandey, 1975; Stacey and Goetz, 1982; Goetz,
1983).
Statistical analyses included spectral analysis
and nonlinear regression (BMDP Software Inc.,
University o f California, Los Angeles, Califor
nia), linear regression, correlation analysis, and
Duncan’s multiple range test (DMRT) (SAS In
stitute, Raleigh, N orth Carolina) as indicated.
R esu lts

S em ilu n ar cycle o f egg collections.— Summed daily
egg collections from aquaria A l- S were sub

jected to spectral analysis and found to exhibit
two repeating cycles with periods o f approxi
mately three and 14 d. Utilizing nonlinear
regression, a sine curve with a period o f approx.
14 d (13.61 ± 1.00 d) provided the best fit for
our egg collection data. T he peak spawning day
(day 0) located by the sine curve has an error
range o f only about 2 d. An analysis o f the egg
collection data from A l alone provided a sim
ilar result; the best matching curve has a period
and 95% confidence limits o f 13.92 ± 0.95 d.
Sem ilunar octurrence o f m aturing oocytes a n d the
GSI cycle.— O f 48 healthy fish sacrificed during
the three spawning cycles, PGV oocytes were
found in 43 fish. T h e five other fish had very
low GSI’s (1.-2.7, see comparison in Table 1),
and no m aturing oocytes nor ovulated eggs. Be
cause these fish were not in spawning condition,
they are not included in the analyses o f semi
lunar spawning activity. Data from the 43 fish
indicated a positive linear relation between body
weight and number o f PGV oocytes (r = 0.58,
P < 0.01). Accordingly, the numbers o f oocytes
and eggs o f each fish were normalized for com
parative purposes to # /1 0 g body weight. The
calculated results are shown in Table 1. Dun
can’s multiple range test indicated that there
was no significant numerical difference among
PGV oocytes sampled on different days and a
correlation analysis reveals that the mean num
ber of PGV oocytes collected on different days
had no significant correlation with closeness of
time to the spawning peak (day 0). However,
the num ber of OD oocytes was significantly
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fish*

Day

N

PGV

OD

MO

Egg

OD + MO + Egg

GSI

-6
-5
-4
-3
-2
-1
0
1
3
4
5

3
3
6
2
3
4
3
6
7
3
3

50
65
58
78
85
59
46
47
67
70
70

0
44
5
17
35
11
14
32
6
0
0

0
1
11
0
19
12
22
5
0
2
0

0
8
19
38
36
72
52
10
19
25
0

0
53
35
55
89
95
87
46
24
27
0

3.04
6.12
4.57
5.16
6.74
7.39
7.30
5.03
3.03
5.15
4.01

0.21
(n.s.)
n.s.

-0 .2 8
(n.s.)
—5, —2 > 5, 4, - 6

-0 .7 0
(P < 0.05)
0 > —5 ,5 , —3, 3, —6

-0 .7 4
(P < 0.01)
n.s.

-0 .7 9
(P < 0.01)
—1, - 2 , 0 > 5, - 6

-0 .6 6
(P < 0.05)
—I, - 2 , 0 > 3, —6

y

DMRT*

A CTIVITY

• Number or days before (a negative number) and number of days after (a positive number) the nearest spawning peak (day 0) of three semilunar cycles.
* PGV, OD, and MO refer respectively to peripheral germinat-veskte oocytes, translucent oocytes with oil-droplets spread peripherally, and mature oocytes with oil-droplets collected at the surface.
• Because the number of PGV oocytes has a positive linear relation with fish weight (r « 0.5B, P < 0.01), the numbers of oocytes or eggs are normalized as • /1 0 g body weight.
4 Coefficient o f the correlation between numbers of oocytes, eggs, or GSI and the closeness of sampling day to day 0. Significant levels are given in parentheses (n.s.: not significant).
* Duncan's Multiple Range Tests indicate that the means on some days are significantly (P < 0.05) larger than those on other days.
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Numeric mean of oocytest and eggs in a

Fundulus grandis.
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(DMRT, P < 0.05) greater on days —5 and —2
than on days 5, 4, and —6, and m ature oocytes
were significantly (DMRT) m ore num erous on
day 0 than on days —5, 5, —3, 3, and - 6 . Al
though the num ber o f summed ovulated eggs
clearly increased progressively from day —6 to
day —1, the variance in numbers among the
three cycles apparently prevented statistical af
firmation o f variability by DMRT. However, a
correlation analysis indicated increased num
bers o f ovulated eggs at limes close to day 0
(r «= 0.74, P < 0.01). T h e numeric sum of OD
oocytes, mature oocytes and ovulated eggs in
creased significantly (DMRT) on days close to
day 0 (Table 1). These findings indicate a cyclic
oocyte maturation and ovulation in preparation
for semilunar spawning.
GSI measurements appear to have a semilu
nar cycle corresponding with that o f daily egg
collections. T h e GSI tended (P < 0.05) to in
crease with the approach to day 0 (Table 1).
T h e GSI’s on day —1, —2, and 0 were signifi
cantly greater than those on day 3 and —6
(DMRT, P < 0.05) (Table 1). Because o f hy
dration (Sclman and Wallace, 1986), the OD
oocytes, mature oocytes and ovulated eggs were
much larger than PGV oocytes (Fig. 1). These
hydrated oocytes and eggs accounted for the
increased weights of ovaries dissected near the
semilunar spawning peak (day 0). In 26 fish with
OD oocytes, mature oocytes a n d /o r ovulated
eggs, the ovary weights (Y) and the numeric
sums o f these oocytes and eggs (X) are positively
correlated with a linear relation (Y = 0.0042X +
0.39, r = 0.81, P < 0 .0 1 ).

matured to either OD (25.8%) or m ature oo
cytes (74.2%). A greater percentage o f PGV
oocytes matured to OD or m ature oocytes when
they were collected on days near day 0 (semilunar spawning peak) (Table 2). T he volumes
o f OD and mature oocytes developed from PGV
oocytes in vitro were 86% (N = 30 from three
fish) and 76% (N = 27 from seven fish), respec
tively, o f their volumes determined in vivo (Fig.
1), indicating less hydration. With few excep
tions, these OD and mature oocytes that de
veloped in vitro within 24 h did not mature
further or ovulate during the next 48 h. T here
was no clear indication that DOC enhanced
maturation.
Only 17.1% (61/356) o f follicles containing
OD o o c y te s cultured in vitro collapsed or swelled
during the first 24 h in culture. Almost all OD
oocytes in normal follicles developed into ma
ture oocytes in media with o r without DOC in
the same period of time (Table 2). These ma
ture oocytes were o f similar size (mean diameter
and 95% confidence limits were 1.89 ± 0.03
mm, N = 50 from five fish) as those formed in
vivo (Fig. 1), indicating full hydration in vitro.
With few exceptions, the mature oocytes de
veloped in vitro did not ovulate during the next
48 h following transfer to fresh hormone-free
medium. However, many o f the mature oocytes
became ovulated eggs when transferred to a
medium containing 5 Mg/ml prostaglandin
(PGF3„). Twenty-two o f 53 oocytes ovulated in
the prostaglandin medium compared with only
one o f 56 in the hormone-free medium. Ovu
lations induced in vitro by prostaglandin pro
ceeded slowly; many occurred more than 24 h
Occurrence o f m aturing oocytes in in d iv id u a l fish .— following transfer to the PGFj. medium.
Follicles containing mature oocytes main
Forty-three of 48 fish contained PGV oocytes
but only 20 o f them contained OD oocytes. tained in culture for 24 h appeared completely
Among these 20 fish, 12 also contained mature normal (124/124 from five fish). Most ovulated
oocytes. Furtherm ore, in these 12 fish, s e v e n ' within 24 h with or without DOC (Table 2). No
also contained ovulated eggs. On the other hand, further ovulation was observed after 24 h. This
three fish had mature oocytes but no OD oo rapid ovulation (compared with prostaglandincytes and eight fish had ovulated eggs but lacked induced ovulation, above) was not prevented by
eith er/b o th OD o r/a n d m ature oocytes. These indomethacin. Twenty-eight of 29 mature oo
results indicate that when the first batch of PGV cytes (from live females) incubated in the in
oocytes undergoes maturation, the second batch domethacin medium converted to ovulated eggs
does not mature until after the first one finishes during a 24 h period.
ovulation.
M atu ration in vitro.— A fter 24 h in media, with
or without DOC hormone, 53.2% (1040/1955)
of the follicles containing PGV oocytes col
lapsed .or swelled. However, 10.2% PGV oo
cytes in normal follicles completed GVBD and

D is c u s s io n

Daily egg collections reveal the presence of
semilunar rhythms o f spawning activity in F.
gran dis held in aquaria indoors under constant
conditions of day length and temperature (Hsiao

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

193

HSIAO AND MEIER— SEMILUNAR OVARIAN ACTIVITY
T able

2. I n V i t r o M a t u r a t i o n

of

PGV, OD,

and

M a t u r e O o c y t e s C o l l e c t e d o n D if f e r e n t D a y s

D u r i n g t h e S e m il u n a r S p a w n in g C y c l e o f

Day*

PGV to OD or mature {% convened)

OD to mature (% convened)

Medium*

Medium

C

—6

o tig y

-5
-4
-3
-2

4(27)
4 (48)
20(15)
0 (30)
31 (32)
16(37)
14 (49)
0 (58)
0(11)
0 (46)

0
1
3
4
5

Fundulus grandis.
Mature to ovulated eggt (% converted)
Medium

D -O .I

D - 5.0

C

D - 0.1

D - 5.0

C

D - 0.1

0 (1 6 )
0 (1 6 )
2 (5 7 )
0 (1 1 )
6 (1 6 )
37 (30)
22 (32)
15(41)
6 (2 4 )

0(15)
0(20)
14 (50)
56(16)
0(17)
35 (29)
37 (27)
18(34)
0 ' 19)

__ 4

—

_

—

_

—

100 (32)
100(6)
100(12)
100(18)
100(8)
100 (8)
97 (43)

100 (26)
100(7)
100 (11)
100(16)
100(13)
100(16)
94 (32)

—

—

—

—
—
—

—
—

—
—

—

—

—

—

0 (2 7 )

0(35)

100 (37)
100 (9)
100(15)
100(5)
100(1?)
93(15)
91 (35)
—

—
—

42(12)
—
100(15)
—

85 (20)
100 (5)

73(11)

D - 5.0

73(11)

—

—

100(11)

100(9)

—

55 (20)
86(7)
—

—

79(19)
—

—
—

—

* Number o f days before (negative) and after (positive) the nearest spawning peaks (day 0) of three semilunar cycles.
* Hormone-free medium (C) and media containing 0.1 pg/ml (D - 0.1) or 5.0 pg/m l (D - 5.0) deoxycorticosterone (DOC).
* Number o f oocytes examined in parenthesis.
* Mining tluiii due lo alinritrr o f an iHH’ytr uagr in um plnl fall.

and Meier, 1986). T h e calculated period o f the
semilunar cycle o f spawning activity (13.61 d)
o f the fish used in th e present study was notably
similar to that of the physical tidal cycle during
the same time (summer, 1984) on the Gulf coast
where the fish were collected (13.69 d; National
Ocean Service) and to previously studied spawn
ing cycles in the field (Greeley and MacGregor,
1983).
An abundance o f PGV oocytes throughout
the semilunar spawning cycle (Table 1) indi
cates that early oocyte growth including vitellogenesis leading to formation o f PGV oocytes
is probably not the determ ining factor for the
cyclic increase o f spawning activity. On the oth
e r hand, increased num bers o f hydrated oocytes
(OD and m ature oocytes) and ovulated eggs are
correlated with increased spawning during the
semilunar cycle (Table 1). T h e larger sizes of
the hydrated oocytes and ovulated eggs appar
ently account for th e increased GSI near the
semilunar spawning peak (Table 1). T he in vitro
studies indicate th at PGV oocytes are better
prepared and m ore likely to go through GVBD
at Iimes near ihe spawning peak (Table 2). Once
a I’C.V oocyte converts to an OD oocyte either
in vivo o r in vitro, the OD oocyte will probably
develop further to a m ature oocyte within 24
h. Ovulation is in turn induced in vivo within
another 24 h (Table 2). Thus, in vitro studies
indicate that the transition o f PGV oocytes to
ovulated eggs is the most important limiting
factor for preparation o f cyclic spawning. How

ever, the cyclic activation may not be a contin
uous process as indicated by an absence o f some
later oocyte stages (after the PGV stage) a n d /
o r ovulated eggs even on' days near the spawn
ing peak. T here is a possibility that once a batch
o f PGV oocytes undergoes late maturation, fur
ther activation is inhibited until after ovulation
and spawning occurs. This interrupted se
quence, o r short cycle, will be reconsidered be
low.
Oocyte m aturation including early and late
m aturation is stimulated by maturation induc
ing steroids (MIS) in sensitized oocytes which
have finished the growth stages (Jalabert, 1976).
Follicles are im portant sources o f MIS and are
required for oocyte maturation in teleosts even
when the interrenal is the major supplier o f MIS
in circulation (Hirose, 1976; Jalabert, 1976;
Goswami et al., 1985). Secretion o f MIS is stim
ulated by gonadotropin (GtH) (Jalabert, 1976;
Sundararaj and Goswami, 1977). However, GtH
stimulation may be enhanced by cortisol (Jala
bert and Fostier, 1984) and triiodothyronine
(Dettlaff and Davydova, 1979; Epler and Bieniarz, 1983) and inhibited by estrogen (Stindnra raj ct al., 1979; Fostier and Jalabert, 1982;
Jalabert and Fostier, 1984).
Thus, the stimulation o f oocyte maturation
during a semilunar cycle could result from cy
clic variations both in GtH secretion and in re
sponsiveness o f follicular tissue to GtH. Re
cently, Greeley et al. (1986) demonstrated that
PGV oocytes o f F. heteroclilus are more sensitive
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to steroid stimulation in vitro when they were
collected from fish having maturing oocytes than
those from fish without maturing oocytes.
Although DOC can induce GVBD in vitro in
F. hetrrocliius (Wallace and Selman, 1978,1980;
Greeley et al., 1986), good responsiveness oc
curred only at a low concentration of NaCI (near
113 mM). T h e higher NaCI concentration (175
mM) and osmolality (352 m osm /kg) used in the
present studies o f F. g ran dis were more like those
found in the blood serum o f killifish held in
brackish water (Stanley and Fleming, 1964;
Umminger, 1969; Materials and Methods).
However, DOC was not effective at such con
centrations. Greeley et al. (1986) have shown
that 17o-hydroxy-20j8-dihydroprogesterone and
20/3-dihydroprogesterone are m ore potent than
DOC in stimulating GVBD.
T h e apparent spontaneous m aturation of
PGV to OD and m ature oocytes in vitro was
probably initiated in vivo before ovary dissec
tion. OD oocytes converted to m ature oocytes
in vitro but did not ovulate subsequently unless
treated with prostaglandin. Thus, induction of
ovulation probably depends on another stimu
lus mediated by a prostaglandin in vivo during
o r shortly after late oocyte m aturation. This
assessment is supported by the finding that ovu
lation was not prevented in freshly dissected
m ature oocytes by addition o f an inhibitor of
prostaglandin synthesis (indomethacin), even at
a dose five times that used to stop in vitro ovu
lation induced by 17a-hydroxy-20/3-dihydroprogesterone in yellow perch, Perea fiavescens
(Goetz and Theofan, 1979). In yellow perch,
indomethacin inhibition of ovulation was re
versed by prostaglandin (PGFj,,).
In conclusion, the entire process, including
oocyte m aturation from PGV oocyte to mature
oocyte and ovulation, probably takes about 2 d
to complete. Since the peak num ber o f ovulated
eggs occurs 1 d before the semilunar spawning
peak (Table 1), eggs may be discharged within
1 d after they become ovulated. T hus, it would
take about 3 d for fish to complete oocyte mat
uration, ovulation, and spawning. This 3 d du
ration o f events leading to spawning might ac
count fo r the spawning cycle o f about 3 d
duration that is commonly observed superim
posed on a semilunar cycle in F. g ra n d is main
tained under laboratory conditions (Hsiao and
Meier, 1986). Perhaps spawning itself releases
a stimulus that initiates the process o f oocyte
m aturation, ovulation, and spawning, which in
turn reinitiates the next 3 d cycle.
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Comparison of Semilunar Cycles of Spawning Activity
in Fundulus grandis and F. heteroclitus Held Under
Constant Laboratory Conditions
SHYH-MIN HSIAO a n d ALBERT H. MEIER
D ep a rtm en t o f Z oology a n d P h ysiology, L ou isian a S ta te U n iversity,
B aton R o u g e, L o u isia n a 70803
ABSTRACT
Two closely related killifish, F undulus gran dis of the Gulf coast and F. hetero
clitu s of the Atlantic coast, were held under standard laboratory conditions and monitored for
spawning activity. Daily egg’collections for 4-5 months during summer revealed semilunar cycles
of spawning activity in both F. g ra n d is (three aquaria) and F. heteroclitus (five of six aquaria). The
mean periods were near 13.7 days for F. gran dis and near 14.8 days forF. heteroclitus. The shorter
duration in F . gran dis closely approximates the tidal cycle in the Gulf of Mexico, which is an
expression of the declinational cycle of the moon (tropical month: 27.3 days). The longer duration in
F. heteroclitus closely approximates the tidal cycle along the Atlantic coast, which, along with the
moonlight cycle, is an expression of the synodic month (29.5 days). Unless the fish respond to subtle
exogenous cues that can influence spawning under isolated laboratory conditions, these results
indicate that both killifish have endogenous cycles with very precise periods. These cycles free run
for several months in specific phase relationships with tidal (F. gran dis) and tidal/moonlight cycles
(F. heteroclitus) present in their respective natural habitats.
L unar and sem ilunar reproductive cycles have
.•been reported for many teleost species beginning
with the California grunion L e u r e s th e s ten u is
(W alker, ’49) and including the gulf killifish F u n d u lu s g r a n d is (Greeley and MacGreger, ’83), the
mummichog, F u n d u lu s h e te ro c litu s (Taylor et al.,
’79), and the longnose killifish, F u n d u lu s s im ilis
(Greeley e t al., ’86). The nature of these cycles,
w hether endogenously or exogenously produced,
as well as the exogenous cues responsible for synchronizing th e cycles among a population have
beep th e subjects of much speculation.
Possible obvious environmental synchronizers
include the lu n ar cycles of moonlight intensity
and the environmental changes th a t accompany
tidal fluctuations. Because tidal cycles in the Gulf
of Mexico, contrary to tidal cycles in most other
subtropical and tem perate regions of the world;
complete two cycles in 27.3 days (tropical month:
correlated w ith the declinational cycles of the
moon) ra th e r th a n in 29.5 days (synodic month,
the moonlight cycle), it is possible to distinguish
w hether sem ilunar spawning cycles in Gulf organisms are synchronized by tidal or moonlight
cues. Greeley and MacGregor (’83) and Greeley et
al. (’86) reported th a t the gonadosomatic indices
(GSI, gonad weight/body weight x 100) of F.
g r a n d is and F . s im ilis in th e ir n atu ral Gulf

habitats varied w ith the tidal rather than the
moonlight cycle.
Recent studies under isolated conditions in the
laboratory suggest th a t the semilunar cycles of
two closely related killifish (Wiley, ’86), F . g r a n d is and F. h e tero clitu s, may be endogenous. In two
groups of F. h e tero c litu s separately exposed to 14hour daylengths or continuous dim light, the GSIs
traced sim ilar semilunar patterns during 34 days
(Taylor, ’84). In F . g r a n d is held on 12-hour daylengths, daily egg' collections revealed semilunar
cycles in groups synchronized with one another
for as long as nine cycles (Hsiao and Meier, ’86).
The periods of these cycles closely approximated
th a t of the tidal cycle (13.7 days) in the Gulf of
Mexico.
The present study was carried out under controlled laboratory conditions in order to compare
sem ilunar reproductive cycles of F. h e tero c litu s
-and F. g r a n d is . Daily e g g collections were employed because this method provides a much more
precise measure of spawning activity than GSI
determinations. The question proposed is whether
the two closely related species exhibit cycles
under controlled laboratory conditions th a t corre
spond with their respective cycles under natural
________
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conditions in which th e Atlantic coast F . h e te ro 
c litu s exhibits a 14.8-day cycle and the Gulf coast
F . g r a n d is has a 13.7-day cycle.

MATERIALS AND METHODS
Egg collections offish held under
controlled environments
F . h e te r o c litu s ranging from 4 to 11 g were col
lected by minnow trap s on May 10, 1988 in a
m arsh adjoining the Delaware river 80 miles from
Delaware Bay of th e A tlantic Ocean. F . g r a n d is
ranging from 6 to 12 g were collected on May 4,
1988 in a m arsh 15 to 20 miles away from Ter
rebonne Bay of th e G ulf of Mexico.
F ish were kept in 200-gallon fiber-glass troughs
or 20-gallon aquaria for 2 weeks or longer before
they were moved to spawning aquaria. The daily
photoperiod w as held a t 12 hours (LD 12:12)
startin g a t 0800 throughout the acclimation and
observation periods. Light intensity was 250 lux
a t w ater surface. W ater tem perature was main
tained a t 22.5 ± 0.5°C except during a 2-week
interval in September when the tem perature was
increased (to 25°C) for F . g r a n d is . Such a temper
ature increase a t the tim e when egg collections
decline in late sum m er reestablishes active
spawning of F . g r a n d is for several additional
weeks. Artificial sea w ater (Super Salt, Fritz) was
used to produce salinities approximating those
common in th e n atu ral habitats (F. h etero clitu s:
18%o; F . g r a n d is : 6%o). Three circulation systems
were used. In each system, three 20-gallon spawn
ing aquaria were connected through a 200-gallon
fiber-glass filtration trough. Two such systems
(six aquaria) were used forF. h e te ro c litu s and the
other one (three aquaria) for F. g r a n d is . A plastic
screen was placed vertically a t one end of each
aquarium to encourage spawning a t the screen
where spawners usually deposit eggs th a t tend to
fall into th e isolated end. The eggs were removed
by siphoning w ith little disturbance to the fish.
For additional details of aquarium structure and
methodology, see Hsiao and Meier (’86).
Spawning groups of F. h e te ro c litu s were com
posed initially of 10 to 12 females and 4 to 5 males
in each of 3 aquaria and are designated as F h la ,
Fh2a and Fh3a. These three aquaria were sup
ported by a common circulation system. On day
37, h a lf the fish from each of these groups were
removed to form three additional groups, F hlb,
Fh2b, and Fh3b. These additional groups were
supported by another circulation system. Each of
the six groups of F. h e te ro c litu s thereafter con

sisted of five to six females and two to three
males. Three groups of F. g r a n d is (Fgl, Fg2, and
Fg3) included 10 females and four males in each
of three aquaria which shared common filtration
and w ater circulation. Feeding (Tetramin Stan
dard Mix flakes) was conducted a t noon daily a t a
ra te of about 3% fish body weight. Eggs from each
spawning aquarium were siphoned and counted
every day a t 1200.

Gonadosomatic indices offish in the
natural habitat
F u n d u lu s g r a n d is (6 to 15 g) were collected fre
quently from the m arsh around Terrebonne Bay
of the Louisiana G ulf coast to determine possible
Bemilunar variations in reproductive activities
during the experim ental period (June-October,
1988). Freshly collected fish were frozen within 2
hours after removal from traps and ten females
from each collection were dissected to determine
th eir gonadosomatic indices (GSI: gonad weight/
body weight x 100).

Data analyses
A nonlinear regression program (SAS Institute,
Cary, NC), was used with a sine wave equation to
find the best m atching sine curve for the spawn
ing data and for the predicted depths of high tides.
The criteria for a m atching sine curve are a high
est regression coverage with high significance
level (P < 0.01) in extensive regressive trials with
ranges of amplitude, phase, period, and mean
tested. The m ean period and mean peak locations
of data are therefore generated by this curve
m atching process.
' RESULTS
Daily egg collections revealed clear evidences of
sem ilunar spawning activities for both F. h e tero 
c litu s and F . g r a n d is . For F. h etero clitu s, there are
seven, five, and six complete cycles apparent dur
ing the 122-day egg collection period of groups
F h la , Fh2a, and Fh3a, respectively. On day 37,
one half of the fish from each of these three groups
were removed and formed into three additional
groups (Fhlb, Fh2b, and Fh3b) which were ob
served for 85 days (Fig. 1). Analyses of the egg
collection data covering the cyclic spawning pe
riods indicate th a t the mean periods (± 95%
confidence limits) for F h la , Fh2a, Fh3a, Fhlb,
andFhSb groups were 14.8 ± 0.4,15.1 ± 0.8,14.8
± 0.7,14.8 ± -1.6, and 14.8 ± 1.8 days. There are
no significant differences in these periods. The
d ata from Fh3b did not generate significant
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sem ilunar cycles by the regression program. Cy
cles of the groups F h la , Fh2a, arid Fh3a appeared
to be synchronized in phase with one another
through the first five cycles. As indicated by re
gression calculations, egg collections during this
period peaked near Ju n e 17, Ju ly 3, Ju ly 17, Au
g u st 1, and August 16; Afterward, egg collections
w ere severely reduced and cyclicity apparently
lost in Fh2a b u t synchronization was m aintained
betw een groups F h la and Fh3a for one more cy
cle. Although th e fish in F h lb and Fh2b were
tak en respectively from F h la and Fh2a, their
spaw ning cycles after transfer appeared to differ
in phase from those of F h la and Fh2a by about 2
days (Fig. 1). Analyses of the concurrent high tide
p attern s near th e A tlantic coast h ab itat of F .
h e te r o c litu s reveal th a t the two daily tides follow
lu n ar patterns w ith ' mean periods (± 95%
confidence limits) of 29.5 ± 2.4 days and 29.5 ±
1.8 days, respectively. The combination of these
two tidal patterns produces sem ilunar high tide
cycles with a m ean period of 14.8 ± 0.8 days.
For F . g r a n d is , there are clear indications of
sem ilunar cycles of spawning activities (egg col
lections) through most of the 141-day egg collec
tion period (June 16 to November 4) in groups Fg2
and Fg3. Four sem ilunar cycles were also re
corded in F g l during its 53 days of active spawn
ing until August 7 when spawning virtually
ceased (Fig. 2). Data covering the cyclic spawning
periods were analyzed and mean periods ( ± 95%
confidence limits) were calculated as 13.5 ± 1.1,
13.9 ± 0.3, and 14.1 ± 0.2 days for groups F gl,
Fg2, and Fg3, respectively. There are no signifi
can t differences in their periods. The cycles of F .
g r a n d is appeared to be synchronized in phase
w ith one another through the nine cycles between
Fg2 and Fg3 and four cycles among F g l, Fg2 and
Fg3. The concurrent high tide pattern near the
n atu ral h ab itat source for F . g r a n d is (one high
tide a day along the Gulf coast) traced a semi
lu n a r pattern with a mean period of 13.7 ± 0.1
days.
The gonadosomatic indices of female F . g r a n d is
collected frequently from th eir natural habitat
during the summer also underwent semilunar
fluctuations (Fig. 2). In any period of 14 consecu
tive days from late June to late August, the data
indicate intervals of 2 -3 days when GSI values
are higher (P < 0.05) th an those of the other days
(Fig. 2). Because collections were not made every
day, some judgement is needed in interpreting the
results. Probable GSI peaks occurred near July 1,
J u ly 15, July 28, August 11, and August 25. The
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GSI peaks are all about 1 day earlier than the
average peaks of egg collections from F gl, Fg2,
and Fg3 held in the laboratory (Fig. 2).

DISCUSSION
Persistence of sem ilunar cycles of spawning ac
tivity under constant laboratory conditions (pres
en t study) confirms previous reports of such cy
clicity in both F . h etero clitu s (Taylor, ’84) and F .
g r a n d is (Hsiao and Meier, ’86; ’88). The mean pe
riods in F . g r a n d is (13.5,13.9 and 14.1 days) dur
ing active spawning (present study) are near
those observed in the previous studies of this
species. However, the mean periods in F . h etero 
c litu s (14.8, 15.1, 14.8, 14.8, and 14.8 days) are
about 1 day greater than those in F . g r a n d is .
In F . g r a n d is , the egg-collection cycles observed
in the laboratory are closely synchronized with
the GSI cycle in female fish examined concur
rently in the natural habitat. The GSI peaks ap
parently preceded by about 1 day the peaks of
spawning activity (indoor egg collection) for the
five cycles recorded. Our previous indoor study
(Hsiao and Meier, ’88) indicates th a t the in
creased GSI of female fish is caused by hydration
of m aturing oocytes in preparation of peak spawn
ing and, as a consequence, the GSI peak appeared
1 day earlier than the egg collection peak. Thus
the egg-collection cycles of fish held indoors are
closely synchronized in phase and period with the
GSI cycle observed in the wild fish about 120
miles away. These cycles observed in wild and
captive fish are closely related to the predicted
high tides in the Gulf of Mexico where the fish
were collected. Peak egg collections were made
several days after the semilunar tidal peaks
which recur on average every 13.7 days. However,
neither the GSI nor egg collection cycles were
synchronized with the moonlight cycle (Fig. 2).
Two sem ilunar reproductive cycles were com
pleted in 27.0, 27.8, and 28.2 days for F g l, Fg2,
and Fg3 groups, respectively. Except th at of Fg3,
which had a slightly longer period, these periods
are not significantly different (P > 0.05) from the
duration of two tidal sequences (2 x 13.7 days).
By contrast, all three periods of F g l, Fg2, and Fg3
are significantly (P < 0.05) shorter than the pe
riod of the moonlight cycle (29.5 days).
In F . h e te ro c litu s, the egg-collection cycles in
the laboratory are also closely related to the tidal
cycle a t the Atlantic coast site where the fish were
collected. This relationship persisted for as long
as 3>/2 months with no significant differences (P >
0.05) among mean semilunar periods of high tide
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cycle and indoor egg collection cycles. Inasmuch
as the tidal fluctuations on the Atlantic coast
reflect the synodic month, the period of the eggcollection cycle is also synchronized with that of
the moonlight cycle (Fig. 1). The periods of two
sem ilunar reproductive cycles (29.6 days for
F h la , Fh3a, F h lb , and Fh2b; 30.2 days for Fh2a)
do not differ significantly (P > 0.05) from either
the periods of tidal cycles or the period of the
moonlight cycle (both are 29.5 days long). Thus,
in F . h e te ro c litu s, contrary to the findings in F.
g r a n d is , differentiation between tidal and moon: ’
light synchronization cannot be made. The peaks
of spawning activity occurred several days after
new and full moon and several days after the
highest tides during the synodic month (Fig. 1).‘
The persistence of sem ilunar cycles of spawning
activities under constant laboratory conditions is
w hat m ight be expected if the cycles are endoge
nous and not direct reactions to fluctuating envi
ronm ental stim uli associated w ith either tides or
moonlight. However, prudence dictates it be
noted th a t n either this study nor any other study
has conclusively demonstrated such an interpre
tation. If endogenous, the periods of the semilu
n ar reproductive cycles are m aintained surpris
ingly precise for several months. The similar
spawning cycles of wild and captive F u n d u lu s
g r a n d is could result from cyclic exogenous cues of
equal periods and phases. Exogenous cues must
ultim ately be involved in sem ilunar reproductive
cycles w hether such cycles are direct reactions
(exogenous) or endogenous. An endogenous cycle
m ust be entrained by physical or social time con
stants if synchrony is to be m aintained within a
population. However, such synchronization may
have been established in the natural habitat prior
to capture and then m aintained (free-run) in the
laboratory.
The apparent 2-day advances in the phases of
F h lb and Fh2b after formation from F h la and
Fh2a may indicate a resetting of the phase some
how produced by the transfer precedure. This pos
sible phase shift was m aintained for three cyles
after which cyclic spawning was lost. These
findings would argue for an endogenous semilu
n ar cycle in F . h e te ro c litu s th a t may be entrained
by exogenous cues. Sim ilar changes in the phases
of sem ilunar cycles have been observed in F.
g r a n d is (not reported here).
The present study indicates th a t the period of
the sem ilunar cycle is more closely related to the
synodic month (29.5 days) in F . h e te ro c litu s and to

the tropical month (27.3 days) in F . g r a n d is . For a
biological cycle to be entrained by a recurring en
vironm ental entrainer, the biological cycle usu
ally m aintains a relatively specific phase angle to
the entraining cycle so th a t the entraining cue
coincides w ith a sensitive interval of the endoge
nous oscillation (Meier and Horseman, ’78). Thus,
w hether th e cycles are endogenous (and subjected
to environm ental entrainm ent) or exogenous, the
environmental entrainers or drivers are probably
different in these two species. In F . g r a n d is , the
environmental tim er is apparently related to
tidal and/or other stim uli associated with the dedlinational cycle of the moon. Changes associated
with moonlight are probably not im portant tim 
ers in F . g r a n d is . In F . h e tero c litu s, on the other
hand, the exogenous tim er is probably related to
the synodic month and could involve either tidal
or moonlight changes.
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Summary
Gulf killifish, Fundulus grandis. exhibit semilunar
reproductive activities that are synchronized with semilunar tidal
fluctuations in their Gulf coast habitat.

These cyclic

activities, monitored through daily egg collections, persist in
the laboratory for as long as four months with periods near the
tidal period of 13.7 days.

In nature, a specific semilunar

spawning phase is maintained with respect to tidal cycles.
However, in the laboratory, the phase may gradually advance or
delay.

These phase shifts occur as a result of small differences

between the periods of semilunar spawning and concurrent tidal
cycles.

Changes in the phase of the spawning cycle can be

produced after several cycles by exposing fish to different
temperatures (21 and 27°C).

However, the period changes only

slightly with temperature.

Q^q calculations produce values not

significantly different from 1.0 indicating nearly complete
temperature compensation.

These results provide evidence for an

endogenous circasemilunar cycle that is temperature-compensated
and freeruns in the laboratory.
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Semilunar reproductive cycles have been reported for many
teleostean species in their natural habitats, including the Gulf
killifish, Fundulus grandis (Greeley and MacGregor 1983; Greeley
et al. 1988; Hsiao and Meier 1989).

Daily egg collections

revealed that semilunar spawning activity also persists for many
months in F. grandis held under constant laboratory conditions
(Hsiao and Meier 1986, 1988 and 1989).

The reproductive periods

are near 13.7 days under both laboratory and natural conditions in
the Gulf of Mexico.

The Gulf tidal changes reflect the

declinational cycle of the moon (27.3 days) rather than the
synodic moonlight cycle (29.6 days) reflected by most temperate
zone tides.

Synchrony was maintained among many spawning groups

held in separate aquaria under constant laboratory conditions
(Hsiao and Meier 1986 and 1989).

Three hypotheses can explain the

basis of semilunar spawning cycles.

One, the semilunar cycle is

an endogenous rhythm with a precise period that freeruns in the
laboratory.

Two, the semilunar cycle is endogenous and entrained

by subtle external cues such as magnetism, electrostatic field,
and gamma radiation when fish are held in laboratory conditions.
Three, the semilunar spawning cycle is driven by subtle external
semilunar stimuli.

Although opinions have been freely expressed

concerning the nature of semilunar cycles, convincing evidence has
not yet been demonstrated in any teleost that would support one of
these hypotheses to the exclusion of the others.
In the present study, data collected between 1983 and 1988
are analyzed for support of the above hypotheses. Experiments
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carried out to determine whether the semilunar cycle

period varies in fish held at different water temperatures.
Temperature compensation is an essential property of endogenous
biological clocks, such as the circadian oscillator (Aschoff 1979;
Pittendrigh 1981), and has also been demonstrated for
circasemilunar activities of an intertidal insect (Neumann 1988)
and a marine polychaete (Franke 1985).
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MATERIALS AND METHODS
Stocks of Fundulus grandis ranging from 6 to 12 g were
purchased from bait dealers located near Barataria Bay (1983 and
1984) and Terrebonne Bay (1985 to 1988) on the Louisiana coast of
the Gulf of Mexico.

The fish were acclimated in 20-gallon aquaria

or 100-gallon troughs exposed to LD 12:12 with the daily light
onset at either 0600 or 0800.

After two or more weeks they were

divided into spawning groups designated by the last numeric digit
of the experiment year in the 1980's followed by a one-digit
number (For example, 41 is a group observed in 1984).

Spawning of

these groups was monitored by daily egg collections between April
and October when semilunar reproductive activities occur.

Each

spawning group included a minimum of 3 males and 5 females and as
many as 7 males and 21 females maintained in a 20-gallon glass
aquarium or a 15-gallon resin coated wood box.

In each series of

observations, all aquaria were connected through a common
circulation system unless otherwise indicated.

The water was

maintained at 13 ppt (1983) or 6 ppt (1984 to 1988) salinity and
filtered.

Water temperature was between 21 to 24°C except when

temperature effects on cycle periods were tested (described
later). Each spawning container had a compartment at one end
isolated from the spawning area by a vertical screen.

Fish tended

to spawn against the screen so that most eggs pass through it and
settle to the bottom of the compartment where they are protected
from predation and can be removed by syphoning every 24 hours with
little disturbance.

Visual contact of fish between glass aquaria
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was prevented by black plastic sheets.

Tetramin flake food was

given at a daily rate of 2-5% fish weight.

Feeding was at random

times during the lighted hours in 1983 and 1984 and at 1200 daily
in later years.

For additional details of structure and

methodology, see Hsiao and Meier (1986).
One experiment was carried out to determine temperature
effects on the phase and period of the semilunar spawning cycle.
A fish stock collected in December, 1985 was separated in January,
1986, into four spawning groups held in individual aquaria at
21+0.5°C.

In June, the water temperatures for 61w and 62w were

heated up gradually in a five hour-period and maintained at
27+0.5°C afterwards; the temperatures of 61c and 62c were
unchanged (c and w indicate cool and warm temperature,
respectively). Egg collections were made daily from both
temperature groups for 2 to 3 months.
Daily egg collection data and tables of predicted concurrent
high tides of the Gulf coast fish collection sites were analyzed
by a nonlinear regression program (SAS Institute, Cary, NC) with a
sine wave equation to seek best matching sine curves.

For each

curve, extensive trials with ranges of amplitudes, phases,
periods, and means were made to achieve the best possible match.
After a data set was found to have a highly significant match
(P<0.01), the data were divided into individual semilunar cycles
at the lowest points of the matching sine curves.

Data for each

cycle, in turn, were analyzed to obtain the mean peak spawning day
and the average date of peak high-tide (see Fig. 1 for examples).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

33

In these calculations, spawning activity on a particular day was
determined by the number of eggs collected on that day and high
tide appearance on a day was its maximal height in feet.

The

phase relationship of each spawning cycle and the concurrent tidal
cycle was then determined by the number of days the mean spawning
peak occurs before (minus) or after (positive) the closest date of
peak high-tide.

ANOVA analyses were used to detect possible

causes of phase differences (e.g., collection times, temperature
treatments). Correlation tests were used to determine whether the
phases of the semilunar cycles change with time.
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Results
Semilunar cycles of daily egg collections of ten spawning
groups in 1983, 1984, 1986 and 1988 (Table 1) were matched by sine
curves (p<0.01) with mean periods between 12.7 and 14.1 days.

The

periods of four spawning groups (32, 41, 42 and 43) were less than
the concurrent tidal periods (13.7-13.9 days) (p<0.05).

The

period of one group (82) was longer than the tidal period
(p<0.05).

The other five spawning periods did not differ

significantly from the tidal periods (Table 1).

Apparently

because the periods of the semilunar spawning cycles differed from
that of the tidal cycles, the phases of the spawning cycles of 6
groups gradually shifted with respect to the tidal cycle.

The

phases progressively advanced (negative correlation, p<0.01; Table
1) in groups 31, 32, 41, 42, and 43 and progressively delayed
(r-0.80, p<0.01; Table 1) in group 62.
Parallel comparisons of these phase progressions indicate
similarities among the groups within a single collection and
dissimilarities between the four collections.

Within a common

collection, the phases of the groups did not differ from one
another for as long as nine consecutive cycles.

However, between

any two collections, the phase angles differed (p<0.05) for as
long as the entire observation of five to nine cycles (Table 1).
The effect of water temperature on the semilunar period was
tested in 1986.

In that year, the semilunar periods were

apparently longer in fish exposed to cool temperature (21°C) than
in fish exposed to warm temperature (27°C) (p<0.05, Table 2).
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gradual temperature increase imposed on 61w and 62w did not
immediately alter their spawning synchrony with 61c and 62c that
remained at the cooler temperature.

However, apparent changes in

period were expressed as phase changes during the third and fourth
cycles (Fig. 1 and Table 2).

Combined data of the two cool-

temperature groups indicate that their semilunar cycles remained
in phase (r-0.19, p>0.05) whereas the combined data of the two
warm-temperature groups reveal a phase advance respecting the
tidal cycles (r— 0.81, p<0.05).
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Discussion
If the semilunar spawning cycle is driven or entrained by a
subtle tidal factor in the laboratory, the spawning and predicted
tidal cycles should have similar periods and the phase relation
between the two cycles would probably remain constant.

However,

our results reveal that a semilunar period of spawning can be
longer or shorter than that of the concurrent semilunar tidal
cycle so that the phase of the spawning cycle can progressively
delay or advance with respect to the tidal cycle (Tables 1 and 2).
These facts indicate that the semilunar spawning cycle is
endogenous and freerunning in the laboratory.

Whereas free-

running semilunar rhythms have been demonstrated in invertebrates
(for examples, see Enright 1972; Neumann 1966, 1976), our
demonstration is the first clear evidence in fish.
Alteration of a cycle period in an animal exposed to various
temperatures is another indication that a semilunar cycle is freerunning (Neumann 1988).

Because of temperature compensation, this

difference can he very small (Neumann 1988; Pittendrigh 1981).
Our experiments with fish exposed to different temperatures in
1986 also demonstrated cycles with significantly different periods
with respect to one another though not with respect to the tidal
cycle (Table 2).

However, small differences in the periods

significantly altered after several spawning cycles the phase
angles between the semilunar spawning cycles and the concurrent
tidal cycles (Table 2).

This finding greatly minimizes the

possibility of entraining or driving effects by subtle cues on the
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semilunar reproductive activity under laboratory conditions and
further supports the existence of an endogenous freerunning
circasemilunar rhythm.

The influence of temperature on biological

activities is often indicated by a Q^q calculation.

Q^q is near 2

for activities that are not temperature compensated (Eckert et al.
1988).

However, the Q^q values calculated with data from

experiments in 1986 are not significantly different from 1 (Table
2).

Q^q values (1.13+0.14, Table 2) for £. grandis semilunar

cycles in the temperature range of 21-27°C are equivalent to those
reported for the semilunar cycles of the tidal midge Clunio (1.03
to 1.19 in the temperature range of 14-24°C; Neumann 1988) and for
freerunning circadian rhythms (0.8-1.2; Sweeney and Hastings 1960;
Aschoff 1979).
Apparent synchrony of spawning cycles among groups from a
single collection (Table 1) can be explained on the basis of
common entrainment at some point in the lives of the fish and by
similar periods of freerunning rhythms (Table 1) that maintain the
phase relationships.

Different phase relations among groups from

separate collections (Table 1) can have several explanations.

One

possibility is that spawning cycles of fish taken from different
populations reflect various phase relationships these populations
have respecting the tidal cycle (Greeley and MacGregor 1984;
Taylor 1984, 1986).

Another possibility is that common traumatic

experiences imposed on the collection (e.g., the collection and
transport itself) may have entrained cycles so that the phase for
one collection group differs from that of another.

Support for
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this second possibility was found in two of our recent studies.
After an abrupt transfer of one group of F. grandis directly from
22.5°C to 27°C, the first spawning peak occurred 0.8 days after
the predicted spring tide instead of 3.1 and 3.7 days afterward as
exhibited by two other groups from the same collection that were
retained at 22.5°C.

That is, an abrupt temperature change and/or

change in aquarium may have reset the phase (unpublished data).
Furthermore, transfer of F. grandis from a 100-gallon lightcolored trough to 15-gallon dark resin coated boxes phase-shifted
semilunar spawning cycles by 2 to 5 days (unpublished data).
A temperature compensated endogenous semilunar cycle would
seem to be an important attribute for F. grandis living in a
coastal marsh where they are exposed to unpredictable factors such
as weather changes.

Reproductive activities can be synchronized

despite seasonal and daily temperature fluctuations.

The

endogenous nature of the semilunar cycle allows it to proceed in
parallel with tidal cycles even when tidal cues are temporarily
marred and obscured by weather conditions.
An endogeneous semilunar cycle provides an important
organizational basis for physiological support of external cyclic
activities.

Preparation for spawning in female F. grandis can

start as early as 5 days before the peak when final oocyte
maturation is initiated (Hsiao and Meier 1988).

Other internal

activities such as metabolic preparation for peak spawning may
also be initiated at specific times of the cycle.

Semilunar

variations in the patterns of daily hormonal rhythms in
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preparation of spawning and associated activities have been
demonstrated in this species (Meier et al. 1989).
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Table 1. M ean phase angles^- between semilunar spawning peaks of killifish held in the laboratory and highest tides of
the concurrent tidal cycles at the collection sites.
Semilunar Spawning Cycle
1
2 ~3
4
5
6
7
8
9
r
M.P.
__________________________________________________________________________________________________________ 1983
(Fish were
collected in F e b r u a r y . First cycle began in A p r i l .)
Tidal cycle
13.9+0.1°
31
-1.0+0.7 -1.9 ± 0 .7 -2.1 ± 0 .8 -2.3+0.8 -1.3+0.7 -3.5+0.7
-3.3+0.8
-4.8+0.7 -6.2±0.8
-0.89** 13.3+0.6ab
a
32
-1.6+0.7 -2.5 ± 0 .7 -3.1±0.8 -2.6±0.8 -3.2+0.8 -4.3+0.7
-3.8+0.8
-4.4+0.7 -6.1±0.8
-0.93** 13.3+0.3“

Group

1984
Tidal
41
42
43

(Fish were collected in April.
First cycle b egan in June.)
cycle
5.2+0.7 4.2+0.7
2.8+0.7
2.0±0.7 1.2+0.7
4.4+0.7 2.9+0.6
2.9±0.7
2.8±0.7 2.1+0.7
3.8+0.7 4.0+0.6
1.5±0.6
2.1+0.7 0.6+0.7

1986
Tidal
61
62
63

(Fish were collected in May.
First
cycle
7.0+0.7 6.6+0.8
7.6+0.6
6.7±0.7
6.3+0.7 5.1+0.8
6.9+0.6
6.3+0.8
8.9+0.8 6.9 ± 0 .8
7.8±0.7
6.7+0.7

7.7+0.7 7.8+0.8
7.4+0.7 8.4±0.9
9.2±0.7 8.7+0.9

8.3±0.6
8.4±0.6
9.1+0.7

13.8±0.1a
0.66ns 13.8+0.2a
0.80** 14.0±0.2a
0.52ns 13.8+0.2a

1988
Tidal
81
82

(Fish were collected in May.
First cycle began in June.)
cycle
5.9+0.9 4.3+0.8
3.3±0.9
3.3+1.1
4.3+0.9
6.6+1.0 5.7±1.0
4.4+0.7 4.4+0.7
3.2±0.8
2.5+0.8
4.2+0.9
7.1+0.7 6.1+0.9

5.5+0.7
5.9+0.7

13.7+0.la
0.40ns 13.9±0.3ab
0.65ns 14.1+0.2b

13.7+0.2
-0.99 * 12.7±0.6a
-0.88** 13.1+0.4a
-0.89** 12.8±0.7a

cycle began in June.)
7.6+0.8
7.7±0.7
9.0+0.7

6.6±0.8
6.3±0.8
8.8±0.8

■'■Mean phase angle (+ 95% confidence limits) of each spawning cycle and the concurrent tidal cycle was determined by
counting the number of days that the mean spawning p eak occurs before (minus) or after (positive) the closest date of
highest high-tide.
r: Correlation coefficient, **: p<0.01; *: p<0.05; n s : non-significant (p>0.05).
M.P.: mean period length of a semilunar spawning or a tidal pattern + 95% confidence limits.
a ’ : means having the same letter and of data collected in the same year are not significantly different from each other
(p>0.05, t test).

•e-

u>
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Table 2. Mean phase angles^ between semilunar spawning peaks of killifish exposed to different temperatures
and highest tides of the concurrent tidal cycles at the collection sites.
Semilunar Spawning Cycle
Group

1

2

3

4

r

1986 (Fish were collected in December , 1985.)
Tidal cycle
Exposed to: 21.0+0.5°C
61c
62c
61c+62c

M.P.
13.6+0.3ab

5.7+0.8b
7.4+0.8

-0.03ns
0.82ns
0.19ns

13.9+0.3a
14.1+0.5a
14.0+0.4

5.7+1.0ab 4.1+0.6a 3.0±0.8a
5.3+0.8a 4.1+0.9a 4.5+0.7a 3.5+0.9a

-0.99ns
-0.85ns
-0.81*

13.1+0.5b
13.2+0.4
13.2+0.5

5.6+0.9a 4.3+0.9®
6.2+0.8a 6.8+0.9

3.8±0.7a
8.0+0.8b

Exposed to: 27.0+0.5°C
61w
62w
61w+62w

Q10 - 1.13+0.14
See Table 1. for footnote.

■p-

45

Fig. 1. Semilunar spawning cycles of Fundulus erandis exposed to cool
and warm temperatures (observed June 11 to August 16, 1986). Spawning
groups (three males and seven females in each group) were maintained
individually in 20-gallon aquaria each with its own filter. Each sine
curve is a significant (p<0.01) match of a set of daily egg collection
data calculated by a non-linear regression program (SAS). The
calculation also generates a mean cycle period + 95% confidence limites
(M.P.). Mean spawning peaks in each cycle are indicated by inverted
triangles.
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Summary and Conclusions
The research on semilunar cycles of gulf killifish, Fundulus
grandis focussed on the fundamental question:

Are these cycles

essentially endogenous or exogenously driven?

If they are endogenous,

they would persist in fish maintained under constant laboratory
conditions. If they are exogenously driven by environmental cues, they
would vanish in fish held under constant conditions.
The first task was to develop a method for maintaining F. grandis
in spawning condition under controlled laboratory conditions.
Circulation systems equipped with biological filters kept killifish in
good health.

With the addition of properly positioned vertical screens,

spawning was stimulated in aquaria and egg predation was prevented.
Daily collections of eggs served as indices of spawning activity of
groups of fish held in 15 and 20-gallon aquaria.

The fish were held at

21-28°C and LD 12:12 in secluded rooms in which cyclic intrusions and
obvious cues were vigorously excluded or masked.

Even in this

environment, prominent high amplitude semilunar cycles of spawning
activity were evident in most aquaria, and these periodicities persisted
for as long as nine cycles.
In preparation for spawning, the maturation of peripheral germinalvesicle oocytes is increased in females as early as five days before
peak spawning.

Maturation results in an increase in hydrated oocytes

and ovulated eggs leading to a maximal gonadosomatic index (GSI: 100 X
gonad weight / body weight) on or a day before the spawning peak.
Semilunar variations in the patterns of daily hormonal rhythms in
preparation for spawning and associated activities have also been
47
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recorded (Meier et al., 1989).
Data cumulated from 1983 to 1988 reveal that the semilunar cycle
is endogenous and temperature-compensated.

That is, the cycle freeruns

under constant laboratory conditions with a range of periods (12.7 to
14.1 days) and different phases respecting the concurrent tidal cycle.
The period changes only slightly with temperature indicating a nearly
complete temperature compensation (Q^q

not significantly different

from 1.0).
A specific phase of the semilunar spawning cycle is maintained by
F. grandis in the natural habitat with respect to tidal cycles.

Changes

in the phase of the spawning cycle can be produced by stress imposed on
fish through fish collection, transportation and transfer to another
aquarium.
The freerunning period of semilunar spawning in fish apparently
expresses an adaptation to the local environment.

In fish held at 22-

23°C and LD 12:12, daily egg collections revealed simultaneous cycles in
two closely related species, £. grandis and F. heteroclitus. However,
the periods clearly differed from one another.

The periods closely

approximated 14.8 days for F. heteroclitus. collected from the Delaware
coast of the Atlantic ocean and 13.7 days for F. grandis. collected from
the Louisiana coast of the Gulf of Mexico.

The shorter duration in F.

grandis approximates the tidal cycle in the Gulf of Mexico, an
expression of the declinational cycle of the moon (tropical month: 27.3
days), The longer duration in £. heteroclitus approximates the tidal
cycle along the Atlantic coast, which, along with the moonlight cycle,
is an expression of the synodic month (29.5 days).
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Semilunar and lunar periodicities in F. grandis are by no means
restricted to rhythms of reproductive activities.

As with semilunar

spawning activity, a semilunar cycle of otolith ring formation also
exists in F. grandis held under constant laboratory conditions (Meier
and Hsiao, 1988).

The ring formation represents incremental deposition

of calcium carbonate in otoliths (especially the sagitta) of the inner
ear (Pannella, 1971).

Semilunar patterns of the rings were present in

both males and females during and even outside the breeding season
(Meier and Hsiao, 1988).

In fact, the rhythms were initiated during the

first two months following hatching, long before reproductive maturity.
These findings indicate that the semilunar cycles are expressions in
this teleost of a fundamental neuroendocrine periodicity that persists
throughout much of the life of the fish.

The spawning cycle, then, is

but one of perhaps a multitude of coupled semilunar rhythms, which might
have a common pacemaker system.
Semilunar and lunar metabolic and neurosensory activities have
also been demonstrated in other teleost species.

In a survey of otolith

ring patterns, bimonthly cycles were found in 25 tropical and 4
temperate zone marine teleosts (Panella, 1974).

In the rainbow trout,

Salmo eairdneri. and the flatfish, Kareius bicolaratus. monthly
variations in total and diffusible calcium content in the semicircular
canals were demonstrated (Mugiya, 1966).

Semilunar cycles of metabolic

activities including growth rates, liver and muscle RNA:DNA ratios, food
consumption and plasma levels of triglyceride, glucose and cholesterol
have been described in the Coho salmon, Oncorhvnchus kisutch. maintained
from hatch in constant laboratory conditions (Farbridge and Leatherland,
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1987 a, b and c). In addition, laboratory studies revealed a lunar
cycle of thermoregulatory behavior in the white sucker, Catostomus
commersoni (Kavaliers, 1982) and lunar rhythms of sensitivity to light
in the guppy, Lebistes reticulatus (Lang, 1977).
Accordingly, semilunar and lunar periodicities of the
neuroendocrine system are expressed as cycles of reproductive,
behavioral and physiological changes in marine and freshwater fish of
all ages.

In this sense, lunar-related cycles in fish are not analogous

to reproductive cycles in mammals (e.g., human menstrual and rodent
estrual) that are largely restricted to reproductive activities and
occur only in females (Knobil, 1980; Meier and Horseman, 1978).

The

teleost semilunar cycle may well be a major endogenous rhythm equivalent
in its physiological and ecological importance with circadian and
circannual cycles.
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